This study investigated the long-term trends and interannual variations (IAVs) of seasonal precipitation during two different periods in India and their relation to atmospheric circulation. To focus on the relation between the regional characteristics of precipitation and the large-scale circulation system, we defined homogeneous regions based on pentad rainfall seasonality using hierarchical cluster analysis. Seven obtained clusters (regions) were used to analyze the long-term trends, IAVs, and their relation to atmospheric circulation. Seasonal precipitation showed no remarkable trend in most regions and seasons, which implies the effect of IAV in seasonal precipitation is greater than the long-term trend. Based on regression analysis, the IAV of seasonal precipitation and its relation to atmospheric circulation over the ocean surrounding India were detected for each season. Enhancement of the southwesterly monsoon flow over the Indian Ocean and the strength of the southeasterly wind related to the activity of the monsoon trough around the Gangetic Plain both affected the increase of summer monsoon precipitation in regions CL3 (central and eastern India) and CL6 (western coast of the Arabian Sea in southern India). In contrast, neither region CL5 (eastern coastal region of southern India) nor CL7 (northeastern India and part of the western coastal region of southern India) showed a relationship between IAV of summer monsoon precipitation and the southwesterly flow or the southeasterly flow over the Indian Ocean or the Gangetic Plain, respectively. Region CL5 showed strong correlation with the northeasterly monsoon flow (strength of the southeasterly flow over the Bay of Bengal) during the post-monsoon season. Other regions showed no relation with the northeasterly flow during the post-monsoon season. Furthermore, IAV of precipitation in region CL7 showed no correlation with either the southwesterly monsoon during the summer monsoon season or the northeasterly monsoon during the post-monsoon season.
Introduction
Seasonal transition of precipitation over India is strongly characterized by the Indian summer monsoon. In general, summer monsoon precipitation (accumulated during June-September) contributes greatly to annual precipitation in most parts of India with a ratio of approximately 80% (e.g., Parthasarathy et al. 1993 Parthasarathy et al. , 1994 . The Indian summer monsoon is caused primarily by land-sea thermal contrast (e.g., Meehl 1994). The mean monsoon flow over the Indian Ocean can be detected as a cross-equatorial low-level jet stream (LLJ). Over the Indian Ocean, southwesterly flow (Southwest Monsoon; hereafter, SWM) prevails during summer and northeasterly flow (Northeast Monsoon; hereafter, NEM) dominates during the post-monsoon and winter seasons. The winter rainy season in southeastern regions of India is caused by the NEM. Precipitation during October-December contributes 40-50% of annual precipitation in the southeast of the Indian subcontinent (Zubair and Ropelewski 2006) . However, large regional differences of rainfall patterns in India, not only in summer but also in other seasons, have been noted (e.g., Blanford 1886; Gadgil and Iyengar 1980; Parthasarathy et al. 1993; Krishnamurti and Shukla 2000; Zubair and Ropelewski 2006) .
In discussing the relation between the SWM and seasonal rainfall, precipitation in central parts of India, called the "Indian monsoon zone" (IMZ) (e.g., Sikka and Gadgil 1980; Gadgil 2003) , has been assessed using Indian monsoon rainfall indices (e.g., All-India Rainfall: AIR, or the All-India Rainfall Index). These indices are based on the strong relationship of precipitation with the SWM (Fig. 2c) . AIR is defined as an areal average of total precipitation based on rain gauge data for the summer monsoon months (JuneSeptember) in 29 selected subdivisions (Parthasarathy et al. 1994 (Parthasarathy et al. , 1995 . According to previous studies based on AIR2, defined for the same areas as AIR, no significant trend was found for a recent 50-year interval (Goswami et al. 2006; Rajeevan et al. 2006 Rajeevan et al. , 2010 . Moreover, Goswami et al. (2006) highlighted that the contribution from increasingly frequent heavy rainfall events is offset by a decrease in frequency of moderate events.
Summer monsoon precipitation calculated in specific subdivisions over 135 years was found to show an increasing trend in Punjab (northern India) and decreasing trends in parts of the northeastern states and Chhattisgarh (central India) (Kumar et al. 2010) . Dash et al. (2007) noted a decreasing trend of summer monsoon precipitation in 10 meteorological subdivisions and an increasing trend in 12 subdivisions over the past century . They also reported seasonal difference in long-term precipitation trends, i.e., pre-monsoon and post-monsoon precipitation, averaged for all areas of India, has increased, whereas summer monsoon precipitation has decreased. These previous studies did not investigate the relation between the regionality of seasonal precipitation trends and atmospheric circulations.
Trends of weakening of the SWM over the Indian Ocean and of its effect on Indian summer monsoon rainfall have been mentioned in several recent papers (e.g., Joseph and Simon 2005; Naidu et al. 2009; Roxy et al. 2015; Karmakar et al. 2015 Karmakar et al. , 2017 . Joseph and Simon (2005) noted the LLJ of the active SWM weakened during 1950-2002 . This weakening trend induced an increase in the duration of break (weak) monsoon spells and a decrease in the number of rainfall days. Roxy et al. (2015) reported a decreasing trend of summer monsoon rainfall around central India (i.e., the IMZ region) during 1901-2012, based on two gridded datasets from the Indian Meteorological Department (IMD) and the Climate Research Unit. They also suggested that a decrease of the land-sea thermal contrast due to sea surface temperature warming over the western Indian Ocean might have induced the decreasing trend of rainfall in central India.
The relation between monsoon variation and the mode of atmosphere-ocean interaction (e.g., El Niño-Southern Oscillation: ENSO) or the Indian Ocean Dipole mode is different for different seasons. Zubair and Ropelewski (2006) stated that the relationship between NEM rainfall and ENSO has not weakened, whereas the relationship between SWM rainfall and ENSO has weakened. The NEM rainfall has increased over a recent 30-year interval (1979-2010) in southeastern India, according to Prakash et al. (2013) , who asserted that convective activity around the equatorial Indian Ocean is also increasing. As suggested by these results, the regionality of the long-term trend reflects a varied response of regional rainfall patterns related to changes in the atmospheric circulation of both the NEM and the SWM.
To analyze the relation between regional differences of long-term trends or interannual variations (IAVs) and atmospheric circulations in each season, a statistical method that separates the causes both spatially and temporally is needed. Many previous studies have adopted multiple classification, principal component, and cluster analyses to classify regional variability (e.g., Gadgil and Iyengar 1980; Kulkarani et al. 1992; Gadgil et al. 1993; Iyengar and Basak 1994; Azad et al. 2010; Satyanara and Srinivas 2011; Saikranthi et al. 2013; Kulkarni 2017) . Such methods can classify regions depending on the characteristics of the long-term trend or IAV, or a multiple classification analysis such as empirical orthogonal function analysis or cluster analysis can be applied (e.g., Krishnamurti and Shukla 2000; Kulkarni 2017; Kakade and Kulkarni 2017) . However, seasonal transitions of precipitation such as the amount of seasonal precipitation, amplitude of the annual precipitation cycle, and time of maximum precipitation are strongly dependent on region. The long-term trend and IAV of precipitation can be assumed affected by different aspects of atmospheric circulation.
Some previous studies have classified regions depending on the characteristics of the long-term trend or IAV but they have not considered the regionality of seasonal transitions of precipitation. It can be assumed that variation of the SWM or the NEM has considerable effect on precipitation trends. For example, on the southwestern coast of southern India, summer monsoon rainfall is strongly related to the strength of SWM flow during the summer monsoon season, whereas the NEM flow makes only a small contribution to precipitation during the post-monsoon or winter season. In contrast, the NEM flow contributes considerably to the post-monsoon or winter precipitation around southeastern India. Therefore, it can be assumed that precipitation seasonality in each region of India is largely dependent on large-scale atmospheric circulations such as the SWM or the NEM. If this assumption were true, the regional long-term trends or IAVs defined by seasonal characteristics could be considered reasonable reflections of the tendencies of atmospheric circulations.
In this study, we defined homogeneous regions based on pentad rainfall seasonality using a multiple-classification method. Homogeneous regions were defined as regions with similar climatological seasonality of rainfall. We then analyzed both the long-term trend and IAV of precipitation for each homogeneous region, and we investigated the relationships of these parameters with atmospheric circulations.
Methods/Experimental
This study used the fourth version of a gridded daily rainfall dataset produced by the IMD, called IMD4 (Pai et al. 2014 ). The gridded dataset was compiled using daily rainfall data recorded by rain gauges. The data were obtained not only from IMD observatory stations but also from many hydrometeorology, agrometeorology, and local government stations with varying periods of availability. The total number of stations used for the dataset was 6955. The dataset covers the period 1901-2013, and the horizontal resolution of the grid is 0.25°.
For the regression analysis with the atmospheric fields, we used the Japanese 55-year reanalysis (JRA55) monthly mean dataset (Kobayashi et al. 2015 ) from 1958 to 2013, because a suitable dataset for the period before the 1950s was difficult to find. The horizontal resolution of this dataset is 1.25°. The zonal and meridional winds at 850 hPa (U 850 and V 850 ) and specific humidity from the JRA55 were also used. Column-integrated water vapor flux (WU, WV) and its divergence were also calculated based on the JRA55 dataset.
Using IMD4, we calculated a linear trend of seasonal precipitation over two periods : 1901-2013 and 1958-2013 . Based on previous studies (e.g., Parthasarathy et al. 1994; Jain et al. 2013) , the seasons for the calculation of seasonal precipitation were defined as follows: pre-monsoon (March-May: MAM), summer monsoon (June-September: JJAS), post-monsoon (October-December: OND), and winter (January and February: JF). In particular, the post-monsoon season was defined to consider the precipitation affected by the NEM (e.g., Singh and Sontakke 1999; Saikranthi et al. 2013; Prakash et al. 2013 ). The nonparametric Mann-Kendall rank test (Kendall 1938; Mann 1945 ) was used to assess the statistical significance of the long-term linear trends.
We used hierarchical cluster analysis (i.e., the Ward method) to determine the number of homogeneous regions and the Euclidean distance. The 73 pentads' mean precipitation for each grid cell for 1901-2013 was calculated. Then, these data were applied in the cluster analysis as the explanatory variable. After classification, the regional averaged precipitation was calculated for each region. Additionally, the regression coefficient of the time series of seasonal precipitation and its standard deviation (SD) were calculated for the two different periods (1901-2013 and 1958-2013) .
To analyze the causes of the long-term trends and IAVs of seasonal precipitation, we calculated the trends of wind (u and v components) at 850 hPa and water vapor flux for 1958-2013 using the JRA55 dataset. To focus on IAV, we also calculated a detrended time series of regional averaged seasonal precipitation over . Detrended values were calculated by subtracting the linear trend from the original time series. Then, we calculated a regression coefficient between the detrended time series of seasonal precipitation in each region and a time series of zonal wind at 850 hPa (U 850 ), or meridional wind at 850 hPa (V 850 ) and water vapor flux (WU and WV). The Student's t test was used to ensure statistical significance of the value. The distribution of wind vectors at 850 hPa is suitable to define the LLJ of the SWM and the NEM (e.g., Joseph and Simon 2005; George et al. 2011) .
Results and discussion

Regionality of long-term trends of seasonal precipitation
The long-term trend of precipitation in India over 113 years is shown in Fig. 1a-d . The distribution of the annual precipitation trend (figure not shown) was found almost the same as the distribution shown in Fig. 1b . The northern part of the Arabian Sea coast and the coast of the Bay of Bengal (BoB) showed significant increasing trends (5% significance level) of summer monsoon precipitation (JJAS) (Fig. 1b) . The rate of increase of rainfall was > 5 mm year −1 for the Arabian Sea coast. A significant decreasing trend was observed in the IMZ region and along the southern part of the Arabian Sea coast, as reported by Roxy et al. (2015) . The IMZ region and the southern part of the Arabian Sea coast also showed a decreasing trend for the winter (JF) season with a rate of 0-2 mm year −1 (Fig. 1d) . A new finding of this study was a decreasing trend of rainfall around central and eastern India observed not only during JJAS but also in JF.
For the other seasons, a weak (< 1 mm year −1 ) decreasing trend was observed in western to central India for the pre-monsoon (MAM) and winter (JF) seasons (Fig. 1a, d ). There was also a weak decreasing trend of JF precipitation in the northeastern states (Fig. 1d) . Precipitation in the post-monsoon season (OND) showed no significant trend of increase or decrease, except in small areas (Fig. 1c) .
We also analyzed the trend of seasonal precipitation during 1958-2013 (56 years; middle term) for comparison ( Fig. 1e-h) . A significant decreasing trend in JJAS and OND precipitation was observed in the northern part of India (Fig. 1f, g ). A significant increasing trend of JJAS precipitation was found over part of the Arabian Sea coast, the coast of the BoB, and part of northeastern India (Fig. 1f ) . In contrast, the northern part of the Arabian Sea coast showed a weak decreasing trend in the MAM season (Fig. 1e ). For the winter (JF) season, a weak trend was observed over a broad area in terms of Fukushima et al. Progress in Earth and Planetary Science (2019) 6:20 Page 3 of 20 the long-term trend (Fig. 1d) ; however, this trend was observed only around the western coastal region in the middle term (Fig. 1h) .
Comparison of the trends of summer monsoon precipitation between the 113-year and 56-year periods revealed decreasing trends over the southwestern coast and northern India and increasing trends over the Arabian Sea coast and part of the BoB coast of southern India in both periods. In contrast, a decreasing trend in the IMZ region was found statistically significant only for the long-term (113-year) period. Some significant increasing trends were observed for OND precipitation in small regions of northern, western, and eastern India for the period 1901-2013. A decreasing trend was observed around the Indo-Gangetic Plain in northern India during 1958-2013. Prakash et al. (2013) reported an increasing trend of rainfall (that can be defined as NEM rainfall) in areas affected by the NEM (i.e., the states of Tamil Nadu, Kerala, Karnataka, and Andhra Pradesh) based on data from 1979 to 2010. However, our results showed an increasing trend in a few grids during 1958-2013.
Regional characteristics of seasonal rainfall patterns in India and their relations with secular variations
We conducted hierarchical cluster analysis to analyze the regional characteristics of the seasonal rainfall patterns. Averaged 73-pentad precipitation data for 113 years were calculated for each grid cell and applied in the cluster analysis. A cutoff point was established for seven of the clusters because the Euclidean distance changed abruptly (Fig. 2b ). These seven clusters are shown in the map in Fig. 2a . We defined these clusters as seven regions. The smallest region was cluster 6 (CL6) with 106 grid cells and the largest was cluster 3 (CL3) with 1561 grid cells.
The geographical extent of each cluster was as follows (Fig. 2a) . Cluster 1 (CL1) was mainly within northwestern India. CL2 was located in the northern half of southern India. CL3 was located in central and eastern India, but it also included part of the western coast. Parts of the regions of CL1 and CL3 overlap the IMZ. CL4 was located in the western Himalayan region of northern India. CL5 was located along the eastern coastal region of southern India. CL6 was located along the western coast of the Arabian Sea in southern India. CL7 was defined as northeastern India and part of the western coastal region of southern India. The seasonality of pentad-mean precipitation for each cluster is shown in Fig. 3 . The summer rainy season can be seen in all clusters around pentad number 33 (P33) (10-14 Jun) to P50 (3-7 Sept). The largest peaks of the pentad rainfall in CL1, CL3, CL4, CL6, and CL7 were observed in the summer monsoon season (Fig. 3a, c, d, f, g ). In the coastal area of the Arabian Sea (CL6), rapid onset of the summer monsoon with heavy rainfall was observed (Fig. 3f ) . This phenomenon reflects a characteristic of the SWM in the coastal region of the Arabian Sea (e.g., Ananthakrishnan and Soman 1988) . Rainfall of over 100 mm pentad −1 was observed from P33 (10-14 Jun) to P47 (19-23 Aug) with two peaks of maximum rainfall in P37 (30 Jun-4 Jul) and P40 (15) (16) (17) (18) (19) .
In CL5, the post-monsoon rainy season dominated from P50 to P73 (27-31 Dec) (Fig. 3e ). An effect of the NEM on precipitation can be detected in this region. The amount of post-monsoon rainfall in CL5 was approximately one-fifth the summer monsoon precipitation in CL6. Region CL2 (adjacent to region CL5) also experienced rainfall after the summer monsoon season (Fig. 3b) with a peak appearing in the post-monsoon season around P53 (18-22 Sep). Pre-monsoon rainfall was also observed in these two regions. Tropical cyclones might contribute to this rainfall (e.g., Wahiduzzaman et al. 2017) .
A small amount of rainfall of around 10-15 mm pentad
occurred from P70 (12-16 Dec) to the beginning of the monsoon season in the foothills of the western Himalayas (CL4) (Fig. 3d) . It included rainfall of the pre-monsoon season from around P15 (12-16 Mar) to P30 (26-30 May). Both CL4 and CL7 experienced pre-monsoon rainfall (Fig. 3 g ). In particular, pre-monsoon rainfall in CL7 was around 15-50 mm pentad . Substantial contribution to annual precipitation by seasonal precipitation during winter (JF) to the pre-monsoon season in the foothills of the Himalayas (including Nepal) has also been reported (Yadav et al. 2007; Fukushima and Takahashi 2012a) . Mid-latitudinal disturbances called western disturbances contribute greatly to precipitation in this area (e.g., Lang and Barros 2004) .
Given the above results, we observe the following relations between regional rainfall characteristics and atmospheric circulations: 1. Regions CL1, CL3, and CL6 receive rainfall mainly from the SWM. 2. Rainfall in CL5 reflects well the activity of the NEM, but continuous rainfall from the premonsoon to summer monsoon seasons is also shown for this region. 3. CL4 and CL7 receive rainfall unrelated to monsoonal flow (SWM or NEM) during the premonsoon and post-monsoon seasons, although the main rainy season corresponds to the summer monsoon season. 4. Regions CL2 and CL5 also receive pre-monsoon and post-monsoon rainfall.
In addition, we calculated the correlation coefficients of the time series of seasonal precipitation between the regional averaged values for each cluster and each grid cell (shown in the Additional file 1). The time series of seasonal precipitation correlated well with nearby regions. The tendency can be applied equally not only for JJAS but also for other seasons (figure not shown). Strong regional dependency can be considered to exist for the secular variation or the amounts of seasonal rainfall in India. In particular, CL2, CL5, and CL7 showed strong correlation with rainfall variations over their respective grid cells. These results imply that the secular variation of seasonal precipitation in these regions has strong regional dependency. In contrast, CL1, CL3, and CL6 showed distributions of the correlation coefficient that were similar to each other, except during the winter (JF) season. Thus, the secular variations of seasonal rainfall in these three regions are linked, except in winter. According to these results, the regions defined in this study can be considered to represent not only the regionality of seasonal precipitation but also the regionality of secular variation of seasonal rainfall. We performed regression analysis to evaluate the relationship between regionality and atmospheric circulations.
Long-term and middle-term trends of seasonal precipitation for each cluster
The long-term trends of seasonal precipitation for the periods of 113 years (1901-2013; hereafter, long term) and 56 years ; hereafter, middle term) are presented in Tables 1 and 2 and Figs. 4 and 5. It can be seen that the SDs of seasonal precipitation do not change between the two periods for all clusters and seasons (Tables 1 and 2 ). Significant increasing trends of JJAS precipitation can be seen in CL4 and CL6 for the long term, as well as in CL4 for the middle term (Table 1 and Fig. 4d, f ) . The increasing rate of JJAS precipitation in CL6 was 2.96 mm year −1 for the 113-year period but only 0.58 mm year −1 for the 56-year period. Despite noticeable increase in precipitation in CL6 during the 1950s-1960s, no dominant signal was observed after the 1960s (Fig. 4f ) . Kumar et al. (2010) investigated the period 1871-2005 (135 years) and they reported a trend of increase of monsoon precipitation for the coast of the Arabian Sea (coastal Karnataka subdivision) of 1.5-1.8 mm year −1 . Their trend of increase is consistent with our findings but the value of the slope here is larger than found in the previous study.
Only the JJAS precipitation in CL7 showed a significant decreasing trend in the middle term. This result is consistent with Deka et al. (2013) . They mentioned a significant decreasing trend of summer monsoon precipitation during the 30-year period of 1981-2010 over the Brahmaputra and Barak basins in Assam state (Northeast India). Region CL3 showed no significant trend, which is inconsistent with the results of Roxy et al. (2015) who reported a decreasing trend in the eastern part of the IMZ.
Regarding pre-monsoon (MAM) and post-monsoon (OND) precipitation, CL4 showed a significant increasing trend for the long-term period (Fig. 5d) . No clusters showed any trends in the middle term for either season (Tables 1 and 2, Fig. 5 ). The OND precipitation in CL5 reflects the large IAV of the NEM with SD of about 150 mm year −1 (Tables 1 and 2 ). For the winter (JF) season, significant decreasing trends in CL3 and CL5 and an increasing trend in CL4 were found for the long-term period (Table 1 , Fig. 5c, e) . However, the SD of JF precipitation is nearly equal to the amount of JF precipitation in each region, and the effect of IAV for winter (JF) precipitation can be assumed large (Tables 1  and 2 ). The secular variation of seasonal precipitation showed large IAV in all regions (Figs. 4 and 5) .
The next two sections analyze the variation of lower tropospheric circulations as related to seasonal precipitation to clarify the underlying causes. Hereafter, the data period of the analysis is 1958-2013 because of the availability of the JRA55 dataset.
Middle-term trend of seasonal precipitation and low-level monsoonal flow
The climatological distributions of summer (JJAS) precipitation and wind vectors at 850 hPa are presented in Fig. 6b . The LLJ in the SWM flow is distributed as a strong westerly wind over the Indian Ocean around 0°-20°N at 850 hPa (e.g., Joseph and Simon 2005) . JJAS precipitation exceeds 3000 mm in the southwestern coastal region. The second largest amount of JJAS precipitation occurs in the northeastern region. Precipitation of 500-1500 mm is observed in the central region ( around 18°-26°N, 76°-88°E ). The wind in the lower troposphere over this IMZ area is weaker than south of 18°N. The intraseasonal variability typified by the active-break cycle strongly influences this area (Lau and Waliser 2005) . The IMZ and the foothills of the Himalayas are alternately affected by the active and break phases. When the area is in the active phase, rainfall is observed continuously. In contrast, no rainfall or only a small amount of rainfall is observed in the area during the break phase. This phenomenon is induced by a shift of the monsoon trough (equivalent to the intertropical convergence zone in the summer). The distribution of water vapor flux divergence reveals an area of strong convergence in the nearby southwestern coastal region of the Gangetic Plain (Plains of Hindustan) and the northeastern region (figure not shown). The water vapor sources for these regions are considered the Arabian Sea and BoB. The regionality of rainfall distribution is different in other seasons. For example, the southeastern region received over 700 mm in the post-monsoon season (OND) (Fig. 6c) . The observed OND rainfall was caused by NEM flow (with northeasterly flow around 15°-20°N in the BoB) (e.g., George et al. 2011) . Convergence of water vapor flux is evident in the southern part of the BoB, near the southwestern region (figure not shown). For the pre-monsoon (MAM) season, 200-1000 mm of precipitation was observed around the Himalayas, in the northwestern and northeastern regions (Fig. 6a) . Westerly winds dominate around the Himalayas in both the pre-monsoon season and the winter season. The westerly wind can be considered a separated flow of the subtropical jet stream (Fukushima and Takahashi 2012b) . Strong divergence of water vapor flux was found over a broad area of the Arabian Sea and BoB (figure not shown). Figure 6 (e-h) presents a middle-term trend of wind vectors at 850 hPa for each season. The distribution for JJAS shows a significant increasing trend of southwesterly wind at 60°E and northwesterly wind at 80°E, around the equator over the Indian Ocean (Fig. 6f) . A northeasterly anomaly over the eastern fringe of Africa (around 15°N, 50°E) indicates weakening of the cross-equatorial flow of the SWM in comparison with the climatological distribution (Fig. 6b, f ) . From these signals, a southeastward shift of the cross-equatorial flow of the SWM over the last 56 years can be inferred. In addition, a significant anomaly of westerly wind over the eastern part of the Indian Ocean and a significant decreasing anomaly of the convergence observed over the northern part of the Arabian Sea and the equatorial Indian Ocean can be interpreted to support this inference (figure not shown). However, despite the significant trend that appears in the lower troposphere over the ocean surrounding India, almost no significant trend in the low-level wind field could be seen over the Indian subcontinent in the summer monsoon season, apart from western, eastern, and southern coastal regions.
Weakening of the seasonal cross-equatorial flow near the equator over the Indian Ocean was also observed during the post-monsoon (OND) and winter (JF) seasons (Fig. 6g, h) . Although an increase of water vapor divergence over the BoB was observed (figure not shown), this tendency has not influenced NEM flow over the BoB or the long-term trend of OND precipitation in region CL5 (Tables 1 and 2) . Therefore, weakening of the cross-equatorial flow over the Indian Ocean during the post-monsoon season might not be related to the NEM trend.
Another interesting result is the signal of early onset of the SWM during the pre-monsoon season. Significant strengthening of the southwesterly wind is seen over the equatorial Indian Ocean around 40°-60°E and 70°-80°E (Fig. 6e) . Moreover, there is weakening of the westerly wind around the northern Indian subcontinent. These tendencies imply an early shift of atmospheric conditions to the summer monsoon phase. Nonetheless, this shift did not affect the long-term precipitation trend. Moreover, a weak increase of water vapor flux around the Himalayan region (including Nepal) was detected in the pre-monsoon and 1958-2013 1958-2013 1958-2013 1958-2013 post-monsoon seasons (figure not shown). These results should be examined closely in future work.
Relationship of IAV between precipitation and low-level monsoonal flow
This section discusses the IAV relationship between seasonal precipitation and atmospheric circulation for the monsoon, post-monsoon, and pre-monsoon seasons. The results are presented as wind vector distributions (U 850 and V 850 ; WU and WV are combined) in Figs. 7, 8, 9, 10, 11, and 12 . We selected three seasons (JJAS, OND, and MAM) and five clusters (CL2, CL3, CL5, CL6, and CL7) to analyze the regionality of the relationship between seasonal precipitation and atmospheric circulation. From the regression coefficient distribution for CL3, a strong and statistically significant relation between the southwesterly anomaly over the southern Arabian Sea and JJAS precipitation can be seen (5-20°N, 50-75°E) in Fig. 7b . In particular, cross-equatorial flow, which strengthens the SWM flow, is found mainly over the western part of the Indian Ocean. The southwesterly flow is also related to IAV in CL6 but the location of the cross-equatorial flow is shifted slightly eastward (60°-80°E ) (Fig. 7d) . Another similarity between regions CL3 and CL6 is an anomaly of the southeasterly wind around the Gangetic Plain. This southeasterly flow might be related to activity of the monsoon trough (e.g., Pant and Kumar Rupa 1997) . Furthermore, an anomaly of water vapor flux convergence in the area over the Gangetic Plain is positively related to the JJAS rainfall in CL3 and CL6 (Fig. 8b, d ).
The positive anomaly of the southwesterly water vapor flux over the equatorial Indian Ocean around 40°-80°E is related to the IAV of JJAS precipitation in all regions except CL7 (Fig. 8a-d) . In particular, the positive variations of precipitation in CL2 and CL5 are related to the increase of water vapor flux convergence over part of the Arabian Sea (around 5°-10°N, 60°-80°E). Additionally, southerly or southeasterly anomalies around central India (around 20°N, 80°E) from the BoB are related to positive rainfall variations in CL2, CL5, and CL7 (Fig. 8a,  c, e) .
The middle-term trend of the wind vector at 850 hPa shows a suppressed anomaly of the SWM around the western part of the Arabian Sea (Fig. 6f ) . However, the trend is not affected in regions CL3 and CL6 because strong southwesterly flow exists over the Arabian Sea, accompanied by cross-equatorial flow. In particular, the easterly shift of the SWM flow favors an increase of rainfall in CL6 (Fig. 7d) .
The strength of the westerly anomaly around the foothills of the Himalayas positively affects JJAS precipitation in the northeastern region (Fig. 7e) . The westerly anomaly around the Himalayas is observed related only to region CL7. The middle-term trend in atmospheric circulation shows a northerly or northeasterly anomaly of wind around the region (Fig. 6f ) . This anomaly induces the suppression of precipitation. In fact, the middle-term trend of the JJAS precipitation in CL7 shows a significant decreasing trend. This result implies that the favorable circulation pattern for positive IAV in CL7 has decreased over the recent 58-year period. For the post-monsoon (OND) seasons, a southeasterly anomaly over the BoB is related to increased precipitation in CL5 (Fig. 9c) . This tendency might strengthen the NEM wind around the region because a northeasterly flow is climatologically predominant over the BoB and Arabian Sea (Fig. 6c) . A southeasterly anomaly of water vapor flux, which is defined by a wind orthogonal to the coast, and convergence of water vapor flux are positively related to CL5 rainfall from the middle of the subcontinent to the southeast coast (Fig. 10c) .
A wind anomaly oriented orthogonally to the coastline accompanying water vapor flux convergence is related to the positive anomaly of the OND rainfall in CL2, CL3, and CL6 (Figs. 9a, b, d and 10a, b, d ). These results imply that rainfall variability in this area is controlled largely by wind direction. In addition, when a regressed anomaly of the southwesterly flow suppresses the northeasterly flow over the northern Indian Ocean, OND precipitation in regions CL2, CL3, and CL6 is increased (Fig. 9a, b, d) . Because of the inclusion of the transition season from the SWM to NEM, the IAV of SWM flow is considered to influence rainfall variation in the post-monsoon season. The middle-term trend of the atmospheric circulations shows weakening of cross-equatorial flow over the Indian Ocean in the post-monsoon season (Fig. 6g) . Although this tendency can affect the low-level wind flow and precipitation amount in CL5 (Figs. 9c and 10c) , precipitation shows no significant change (Table 2) . Therefore, the rainfall in this region can be attributed not only to the NEM but also to other causes, e.g., such as tropical cyclones, which might require further investigation.
The strong westerlies dominating the north of the Indian subcontinent in the pre-monsoon season and southwesterlies over the Indian Ocean are not established in the climatology (Figs. 6a and 11f) . Therefore, a signal of earlier onset of the SWM over the western Arabian Sea around 10°N is related to MAM precipitation in all clusters except CL7 ( Fig. 11a-d) . In contrast, an anomalous southwesterly wind that is evident at the western fringe of the BoB is dominant throughout the inland area of the northeastern states, and it contributes to excess rainfall in region CL7 (Fig. 11e) . This southwesterly anomaly indicates strengthening of the climatological flow that is dominant in this season over the region. Regarding the distribution of water vapor flux, the southwesterly wind transports water vapor over land from the BoB and it strongly induces water vapor flux convergence. This phenomenon generates strong water vapor convergence over the northeastern states of India, Bangladesh, and Bhutan, as well as parts of Myanmar and Nepal. Pre-monsoon rainfall phenomena have been examined in these surrounding countries (e.g., Fukushima and Takahashi 2012a) . According to those findings, the IAV of MAM precipitation in these regions is assumed strongly correlated with water vapor transport from a surrounding region. In the winter (JF) season, only the Himalayan area (including the northeastern states) receives rainfall and the IAV is related closely to the westerly flow (figure not shown). However, the southwesterly flow over the BoB or the westerly flow around the Gangetic Plain indicates a suppressed trend in the atmospheric circulation over the middle term (Fig. 6e) . The effect of this tendency was not detected in the MAM precipitation amount in region CL7.
Conclusions
We conducted three analyses in this study. First, we compared the long-term (1901-2013) and middle-term (1958-2013) trends of seasonal precipitation in India. Whereas the northern coast of the Arabian Sea showed a significant increasing trend (significance level 5%) in summer monsoon precipitation (JJAS) only for the long term, part of the coast of the BoB showed a significant increasing trend for both periods. The rate of increase of rainfall was > 5 mm year
for the Arabian Sea coast. A decreasing trend of summer monsoon precipitation was observed around central and eastern India (around the IMZ) for the long term. However, the tendency of the middle-term trend was not statistically significant. In addition, the decreasing trend of precipitation in central and eastern India (around the IMZ) for the long term was also significant for the winter season (JF). A long-term trend of decrease of JF precipitation was found over a broad area of western to southern India. For the post-monsoon (OND) season, although no significant trend was observed for the period 1901-2013, an increasing trend was observed in a portion of the regions for the period 1958-2013. Therefore, NEM activity is assumed to have changed recently over a short-term scale.
Next, we conducted hierarchical cluster analysis to classify homogeneous regions based on seasonal rainfall patterns (pentad precipitation). The seven obtained regions represented well the characteristics of the seasonal change of atmospheric circulations, such as summer and winter monsoons, as follows:
1. Regions CL1 (northern and western India), CL3
(central and eastern India), and CL6 (western coast of the Arabian Sea in southern India) received rainfall largely from the SWM. 2. Rainfall in CL5 (eastern coastal region of southern India) reflected well the activity of the NEM. 3. Regions CL4 (western Himalayan region in northern India) and CL7 (northeastern India and the eastern coastal region of southern India) received rainfall without any relation with monsoonal flow (SWM or NEM) during the premonsoon and winter (JF) seasons. 4. Regions CL2 (northern half of southern India) and CL5 received pre-monsoon and post-monsoon rainfall.
Using this regional classification, we analyzed the long-term and middle-term trends of seasonal precipitation for each cluster. For the summer monsoon season, CL6 and CL4 showed significant increasing trends for the long term, and CL7 showed a significant decreasing trend for the middle term. However, the pre-monsoon and the post-monsoon seasons had no obvious trends except in CL4. These results
(c) (f) imply that the effects of IAV in seasonal precipitation are greater than the long-term trends for each cluster. Next, we investigated the relations between the middle -term trend and atmospheric circulation patterns in the lower troposphere. Although a southerly and easterly shift of the cross-equatorial flow of the SWM was found to show a significant trend over the ocean surrounding India, no significant trend in the low-level wind field could be detected over the Indian subcontinent during summer. Weakening of the seasonal cross-equatorial flow near the equator over the Indian Ocean was also observed during the post-monsoon and winter (JF) seasons. Although an increase of water vapor divergence
(c) (f) over the BoB was observed, this tendency has not influenced NEM flow over the BoB or the long-term trend of OND precipitation in region CL5. Consequently, long-term change of atmospheric circulation over the ocean surrounding India was detected for each season but it can be considered not to affect the trend of seasonal precipitation for each cluster. Finally, we investigated the relation of the IAV between seasonal precipitation and atmospheric circulations. Enhancement of the southwesterly flow over the Indian because of the weak relationship with the southwesterly or southeasterly flow over the Indian Ocean or the Gangetic Plain, respectively.
In the middle-term trend of the circulations, a suppressed anomaly of the SWM around the western part of the Arabian Sea was not related to the trend of precipitation in 
